Size-dependent band gap of colloidal quantum dots
Lead sulfide (PbS) colloidal quantum dots (CQDs) are candidate absorber materials for a new generation of low cost, solution-processed solar cells.
1,2 The ability to tune the band gap across the solar spectrum through quantum confinement allows the possibility to create broadband multi-junction and multi-band gap solar cells. 3 If this can be harnessed alongside multiple exciton generation 4 and emerging energy transfer mechanisms 5 there is a very real opportunity to break the Shockley Queisser limit. 6 However, realizing this possibility has proven challenging to date due to poor current matching and mismatched energy levels in tandems and charge recombination losses in multi-band gap structures. 7, 8 One of the first attempts to couple different layers of CQD with different band gaps was by Klar et al. in 2005 , who fabricated a cascaded band gap multilayer structure using light-emitting CQD and demonstrated efficient funneling of excitons from large to small band gap. 9 Xu et al. used photoluminescence (PL) techniques to show that the efficiency of charge transfer between small and large band gap PbS CQD could be enhanced by chemically cross-linking ligands. 10 The first multi-band gap cascaded CQD solar cell that performed better than a single band gap reference device was produced by Kramer et al., who improved charge extraction by modifying the depletion region using a graded bandgap structure. Efficiency enhancement was largely gained through improved fill factor. 11 Similar strategies have been exploited in organic photovoltaics (OPV) to increase absorption without compromising charge extraction. 12 Another strategy of OPV is to improve charge extraction through the formation of bulk heterojunctions where short diffusion lengths are mitigated by increasing the heterojunction's interfacial area. 13 Recently, Rath et al. demonstrated a CQD bulk heterojunction between p-type PbS CQD and n-type bismuth sulfide (Bi 2 S 3 ).
14 Performance of the bulk heterojunction device triumphed over a reference bilayer heterojunction device, and this was ascribed to improved carrier lifetimes. 14 To date, blending different sized CQD to form a multi-band gap heterojunctions device has largely been unexplored due to the smaller band gap CQDs acting as recombination centres 15 and interfacial trap states 16 which limit performance. Zhitomirsky et al. showed that beyond 10% inclusion of larger sized PbS in a population of smaller PbS, the device open-circuit voltage (V oc ) would drop significantly, 17 and thus blending PbS populations of different sizes beyond that blend ratio proved to be ineffective.
To reduce non-radiative carrier recombination resulting from a bimodal CQD population, we use a core/shell CQD blend. Studies from Speirs et al. 18 and Lai et al. 19 independently showed via spectroscopic techniques that the presence of CdS shell acts to passivate traps states and reduces trap density, thereby improving carrier lifetime, while Wheeler et al. was able to show the reduced trap densities in PbS/CdS core/shell quantum dots as compared to PbS cores, 20 via a combination of ultra-fast absorption spectroscopy and photoluminescence. Additionally, Gonfa et al. demonstrated improved device performance of PbS/CdS core/shell CQD on TiO 2 nanowire solar cells. 21 In this paper, we describe the fabrication of a cascaded heterojunction photovoltaic device, utilizing a blend of 1.2 eV and 1.4 eV core/shell PbS/CdS CQDs, with an optimized thin film layer composition.
Shell thickness is estimated by a combination of UV-Vis absorption spectrometry, XRD, and XRD simulations and is based on the assumption that the CQDs are spherical. Details of this can be found in the supplementary material, 22 and in a)
our prior studies, 23 we have shown that optimum thickness of the CdS shells was $0.1 nm, estimated by a combination of UV-Vis spectrometry and calculations. It must be noted that this value of shell thickness might be an underestimation of the actual thickness due to the assumption that the CQDs are perfectly spherical. 1.2 eV and 1.4 eV quantum dots were blended in solution and spin-cast on silane treated glass substrates for spectroscopic measurements. All films were 200 nm 6 17 nm thick: this is important for making direct comparisons of PL intensity. Photovoltaic devices were fabricated using CQD solutions at a concentration of 40 mg/ml in octane, and the blends were mixed at 1:1 ratio by volume. Structures were built upon patterned indium tin oxide (ITO) coated glass on which 50 nm of Poly(3,4-ethylenedioxythiophene): Polystyrene sulfonate (PEDOT:PSS) was spin coated. CQD layers were built up using 1,2-Ethandithiol (EDT) and cetyltrimethylammonium bromide (CTAB) dispersed in methanol to exchange ligands. The usage of CTAB 24 as a source of bromine (Br) ligand, and subsequently, the technique of hybrid passivation 25 (using both halide and organic ligands) have previously shown improved device performance by passivating the surface of CQDs and also improves charge mobility via doping. ZnO was prepared using the method described by Pacholski et al. 26 Full details of materials synthesis and device fabrication are given in the supplementary material. 22 Photoluminescence can be used to understand energy transfer. 10, 17 The PL spectra of the core and core/shell blends show only the emission from the larger quantum dots with peaks around 1140 nm and 1150 nm for Br þ EDTexchanged PbS/CdS and PbS CQD, respectively, as shown in Figure 1(a) . This quenching effect of the larger band gap PL is not due to exciton dissociation or charge tunneling but rather a resonant energy transfer of exciton from the larger to smaller band gap CQD, thus also resulting in a rise in PL of the smaller band gap CQD (see Figure S1 (Ref. 22) ).
The PL intensity of the core/shell blend emission is much greater than that of the core-only blend, implying that the shell reduces non-radiative recombination. 27 The PbS/CdS blends have a longer PL decay lifetime for both components, s 1 and s 2 (Figure 1(b) ), compared to PbS blends, which again serves as an indicator of reduced carrier recombination through non-radiative processes. 28 The rate of the PL process is a sum of both radiative and nonradiative recombination rates, and PL lifetime is inversely proportional to this rate (Eq. (1)), hence any decrease in non-radiative recombination component would result in an increased PL lifetime
where s is the PL lifetime and k r and k nr are the radiative and nonradiative recombination rates, respectively. Further, increased PL lifetime has been shown to correlate with better material quality and device performance in other material systems.
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The current-voltage and external quantum efficiency (EQE) of both blends forming heterojunctions with ZnO are shown in Figures 1(c) and 1(d) , respectively. For the purpose of this study, we utilized a 200 nm thick active layer and the power conversion efficiency of both devices is poor, reaching 2.4% for the core blend and 2.1% for the core/shell blend. We purposely make devices that are much thicker than the depletion width afforded by the heterojunction so as to demonstrate that quantum funneling does occur to alleviate the problems of a limited depletion width and contributes to charge extraction. Photogenerated charges outside of the depletion width may be funneled into it, thereby increasing the probability that they would be extracted. The EQE of the PbS/CdS device is worse than the PbS-only blend due to the lower J sc . However, the PbS/CdS device has a more distinct excitonic band edge which could indicate improved preservation of quantum confinement. Photogenerated charges in PbS/CdS layer experience higher resistance 19 and lower mobility and with a 200 nm thick active layer, this impedes charge extraction, resulting in lower quantum efficiencies. However, to investigate the extent of carrier recombination Figure 2 compares the open circuit voltage and reverse saturation current for single CQD materials and blends with and without shells. We hypothesize that resonant energy transfer is efficient from large to small band gap CQDs but the subsequent extraction of charges is dependent on the electric field created by the ZnO heterojunction or charge diffusion to an electrode. The success of charge extraction is reliant on charge transport efficiency which is in turn dependent on carrier recombination rates. Figure 2(b) shows that reverse saturation current, which is a good metric for recombination, is much lower in the PbS/CdS blend compared to the PbS blends, and that for both materials the reverse saturation current is greater in the case of the blend, compared to the corresponding single band-gap materials. Charge transport is impeded by trap states which can be thought of as (1) crystallographic defects on the surface of the CQD and (2) in a blend the small band gap CQD acts as a trap for the large band gap CQD, creating energy disorder. 17 Thus, devices comprising of blends, as compared to single-component systems, show a higher trap density (and higher recombination current). However, if we compare solely the devices comprising of CQD blends, PbS/CdS core/ shell blends have lower recombination current compared to PbS blends as CdS presents itself as an epitaxial shell of larger band gap semiconductor material around the PbS cores, mitigating surface trap states. This idea is illustrated in Figure 3(a) .
The next challenge is to further improve the core/shell blend device performance by modifying the device architecture. CQD solar cells rely heavily on the depletion zone to separate charges by drift because the innate disorder in nanocrystalline systems results in short carrier diffusion lengths. 34 Therefore, at high forward bias (for example, at the maximum power point), the depletion width is very much reduced and diffusive transport dominates, resulting in fewer charges being successfully extracted at the electrodes (refer to Figures 3(b) and 3(c) ). This is reflected in the low fill factors observed for CQD solar cells. 35 A bilayer structure (Figure 3(d) ) would fare better than the usual heterostructure due to a potential difference that serves as an electron blocking layer and also some amount of charge funneling at interfacial region between the 1.2 eV and 1.4 eV layers. To maximize the effect of funneling, a blend layer could be incorporated to improve the interfacial area so that charges can be cascaded very quickly from any 1.4 eV CQD to a neighboring 1.2 eV CQD, even without the presence of band bending or internal electric field from the depletion width. Improving charge transport at near flatband potential situations would help to improve device fill factor.
Assuming that the 1.2 eV CQD is well percolated throughout the blend as shown on TEM samples (see Figure  S3 (Ref. 22) ), funneled charges could follow a continuous pathway towards their respective electrodes. However, the charge transport of charges after the process of funneling is problematic. Based on the energy levels measured and calculated by Hyun et al.,
36 energy barriers will be formed between small band-gap CQD in the vicinity of large bandgap CQD, both at the HOMO and LUMO energy level states (Figure 3(a) ). These could be overcome by the internal electric field provided by the band-bending effect of the heterojunction but the depletion width is limited, which calls for the need to optimize the thickness of the blend region. To harness the advantage of the funneling mechanism and not to be restricted by charge transport issues, layers of pure 1.2 eV and 1.4 eV PbS/CdS are used to act as electron collecting and electron blocking layers, respectively, in an effort to also reduce the blend layer thickness (Figure 3(e) ). By keeping the entire CQD layer thickness constant, we vary the composition of layers from a completely blended film to a blend layer being sandwiched between 1.2 eV and 1.4 eV CQD films, and finally to a 1.2 eV and 1.4 eV bilayer, as illustrated in Figure 4 (a). We found that the sandwich configurations gave better fill factors and with that, our optimum device (Figures 4(b) and 4(c)) gave us an efficiency of 4.62%, almost a threefold improvement over devices made of only 1.2 eV or 1.4 eV PbS/CdS CQD of the same thickness (see Figure S4 Table I. A multi-band gap quantum cascade photovoltaic device has been demonstrated using a blend of PbS/CdS core/shell CQD with 1.2 eV and 1.4 eV band gap. The inclusion of a semiconductor shell around the core allows the formation of blended multi gap structures with improved device performance associated with a reduction in non-radiative recombination and charge funneling from large to small band gap CQD alleviating the problem of short carrier diffusion length. To further optimize the performance, a graduated structure of low gap-blend-wide gap CQDs was introduced and power conversion of up to 4.6% was achieved primarily by improvements of fill factor. 
